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We present the results of a search in pp¯ collisions at
√
s = 1.8 TeV for anomalous production
of events containing a photon and a lepton (e or µ), both with large transverse energy, using 86
pb−1 of data collected with the Collider Detector at Fermilab during the 1994-95 collider run at
the Fermilab Tevatron. The presence of large missing transverse energy ( 6ET ), additional photons,
or additional leptons in these events is also analyzed. The results are consistent with standard
model expectations, with the possible exception of photon-lepton events with large 6E
T
, for which
the observed total is 16 events and the expected mean total is 7.6± 0.7 events.
PACS numbers: 13.85.Rm, 12.60.Jv, 13.85.Qk, 14.80.Ly
An important test of the standard model (SM) of par-
ticle physics [1] is to measure and understand the prop-
erties of the highest-energy particle collisions. The ob-
servation of an anomalous production rate of any combi-
nation of the fundamental particles of the SM would be
a clear indication of a new physical process. This Let-
ter summarizes an analysis of the inclusive production
of a photon and a lepton (e or µ + γ + X), including
searches for additional photons, leptons, and large miss-
ing transverse energy, using 86 pb−1 of data from proton-
antiproton collisions collected with the Collider Detector
at Fermilab (CDF) during the 1994-95 run of the Fermi-
lab Tevatron [2].
Production of these particular combinations of parti-
cles is of interest for several reasons. Events with pho-
tons and leptons are potentially related to the puzzling
“eeγγ 6ET ” event recorded by CDF [3]. A supersymmet-
ric model [4] designed to explain the eeγγ 6ET event pre-
dicts the production of photons from the radiative decay
of the χ˜02 neutralino, and leptons through the decay of
charginos, indicating ℓγ 6ET events as a signal for the pro-
duction of a chargino-neutralino pair. Other hypothet-
ical, massive particles could subsequently decay to SM
electroweak gauge bosons, one of which could be a photon
and the other a W or Z0 boson that decays leptonically.
In addition, photon-lepton studies complement similarly-
motivated inclusive searches for new physics in dipho-
ton [5], photon-jet [6], and photon-b-quark events [7].
The CDF detector [8] is a cylindrically symmetric spec-
trometer designed to study p¯p collisions at the Fermilab
Tevatron. A superconducting solenoid of length 4.8 m
and radius 1.5 m generates a magnetic field of 1.4 T
and contains tracking chambers used to measure the mo-
menta of charged particles. A set of vertex time projec-
tion chambers is used to find the z position [9] of the
p¯p interaction. The 3.5-m-long central tracking cham-
ber (CTC) is a wire drift chamber which provides up
to 84 measurements between the radii of 31.0 cm and
132.5 cm in the region |η| < 1.0. Sampling calorimeters,
used to measure the electromagnetic and hadronic energy
deposited by electrons, photons, and jets of hadrons, sur-
round the solenoid. Each tower of the central (|η| < 1.1)
electromagnetic calorimeter (CEM) has an embedded
strip chamber for the measurement of the 2-D transverse
profile of electromagnetic showers. Muons are detected
with three systems of muon chambers, each consisting of
four layers of drift chambers. The central muon (CMU)
system is located directly outside the central hadronic
calorimeter, and covers |η| < 0.6. Outside of the CMU
is 0.6 m of steel shielding, followed by the central muon
upgrade system. The central muon extension system pro-
vides muon detection for 0.6 < |η| < 1.0.
Events with a high-transverse momentum (pT ) [10]
photon or lepton are selected by a three-level trigger [2],
which requires an event to have either a high-ET photon
or a high-pT lepton (e or µ) within the central region,
|η| < 1.0. Photon and electron candidates are chosen
from clusters of energy in adjacent CEM towers; electrons
are then further separated from photons by requiring the
presence of a CTC track pointing at the cluster. Muons
are identified by requiring CTC tracks to extrapolate to a
reconstructed track segment in the muon drift chambers.
To reduce background from the decays of hadrons pro-
duced in jets, both the photon and the lepton in each
event are required to be ‘isolated’. The ET deposited in
the calorimeters in a cone in η−φ space of radius R = 0.4
around the photon or lepton position is summed, and the
ET due to the photon or lepton is subtracted. The re-
maining ET in the cone, E
iso
cone, is required to be less than
2 GeV for a photon, or less than 10% of the lepton trans-
verse momentum. In addition, for photons the sum of
the pT of all tracks in the cone must be less than 5 GeV.
Inclusive photon-lepton events are selected by requir-
ing an isolated central photon with Eγ
T
> 25 GeV and
an isolated central lepton (e or µ) with EℓT > 25 GeV.
The technical criteria used to identify leptons and pho-
tons are very similar to those of Refs. [5, 6, 7], and are
described in detail in Ref. [2]. A total of 77 events pass
this selection: 29 photon-muon and 48 photon-electron
candidates.
4The production of pairs of new heavy states that decay
via cascade decays can lead to final states with multiple
photons or leptons; in contrast, the dominant SM back-
ground processes lead to signatures with only one photon
and one lepton observed in the detector, as discussed in
detail below. The inclusive sample is consequently ana-
lyzed as two subsamples: a “two-body inclusive photon-
lepton sample” typical of a two-particle final state, and
a “multi-body inclusive photon-lepton sample” typical of
three or more particles in the final state. The two-body
sample selection requires exactly one photon and exactly
one lepton, with an azimuthal separation ∆ϕℓγ > 150
◦,
but excludes those events for which the invariant mass
of the photon and electron, Meγ , is within 5 GeV of the
mass of the Z boson,MZ (these events are used as a con-
trol sample, as described below). The multi-body sam-
ple is composed of the remaining inclusive photon-lepton
events. The multi-body sample is then further analyzed
for the presence of large 6ET , and additional isolated lep-
tons and photons. The 6ET threshold of 25 GeV was de-
termined a priori in previous analyses [13] as a significant
indicator of a neutrino arising from leptonic decays of the
W boson. Figure 1 shows the breakdown of the inclusive
sample into the final categories.
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FIG. 1: The subsets of inclusive photon-lepton events.
The multi-body photon-lepton subcategories of ℓγ 6E
T
, multi-
lepton, and multi-photon events are not mutually exclusive.
The dominant source of photon-lepton events at the
Tevatron is electroweak diboson production, in which a
W or Z0 boson decays leptonically (ℓν or ℓℓ) and a pho-
ton is radiated from either an initial-state quark, aW , or
a charged final-state lepton. The number of such events
is estimated using leading-order (LO) matrix element cal-
culations [15] for which the computational code [16] was
then embedded into the general-purpose event generator
program pythia [17], followed by a full simulation of the
detector. The uncertainty in this number has roughly
equal contributions from higher-order processes, simula-
tion systematics, luminosity, proton structure, and gen-
erator statistics.
A jet can contain mesons such as the π0 or η that de-
cay to photons, which then may satisfy the photon selec-
tion criteria. The number of lepton-plus-misidentified-jet
events is determined by counting the number of jets in
a sample of events with a lepton and then multiplying
by the probability of a jet being misidentified as a pho-
ton, P jetγ . The factor P
jet
γ is determined from samples
of jets and photons in events with a lepton trigger, us-
ing the distribution in Eisocone. By fitting to a sum of the
expected distribution for prompt photons and that mea-
sured for jets, the misidentification rate is found to be
P jetγ = (3.8± 0.7)× 10−4 [2].
The dominant source of misidentified photon-electron
events is Z0 → e+e− production, where one of the
electrons undergoes hard photon bremsstrahlung or a
track fails to be reconstructed. We assume that photon-
electron events consistent with Z0 production are not
a significant source of new physics, and use them to
estimate the probability P eγ that an electron is recon-
structed as a photon. The number of misidentified
photon-electron events in the control sample divided by
the number of electron-electron events with the same
kinematics gives P eγ = (1.28 ± 0.35)%. For any other
subset of central electron pairs, the contribution to the
corresponding photon-electron sample is the product of
P eγ and the number of central electron pairs.
Other, smaller, backgrounds are due to hadrons fak-
ing muons, and to leptons from the decay of bottom
and charm quarks. Charged hadrons may penetrate the
calorimeters into the muon chambers, or may decay to
a muon before reaching the calorimeters. These con-
tributions are determined by identifying isolated, high-
momentum tracks in the inclusive photon sample, apply-
ing the probability of each track of being misidentified as
a muon, and summing this probability over all tracks in
the sample [2]. The contribution to photon-lepton can-
didates from heavy-flavor produced in association with
a prompt photon is estimated using Monte Carlo event
generation [17] and detector simulation, and found to be
negligible.
New physics in small samples of events would most
likely manifest itself as an excess of observed events over
expected events. The significance of an observed excess
is computed from the likelihood of obtaining at least the
observed number of events, N0, assuming that the null
hypothesis (the SM) is correct. The “observation likeli-
hood”, P (N ≥ N0|µSM ), is defined as the fraction of the
5Process Two-Body Multi-Body
ℓγX ℓγX ℓγ 6E
T
X ℓℓγX
W+γ 2.7± 0.3 5.0± 0.6 3.9± 0.5 –
Z+γ 12.5± 1.2 9.6± 0.9 1.3± 0.2 5.5± 0.6
ℓ+jet, jet → γ 3.3± 0.7 3.2± 0.6 2.1± 0.4 0.3± 0.1
Z → ee, e→ γ 4.1± 1.1 1.7± 0.5 0.1± 0.1 –
Hadron+γ 1.4± 0.7 0.5± 0.3 0.2± 0.1 –
π/K Decay+γ 0.8± 0.9 0.3± 0.3 0.1± 0.1 –
b/c Decay+γ 0.1± 0.1 < 0.01 < 0.01 –
Predicted µSM 24.9± 2.4 20.2± 1.7 7.6± 0.7 5.8± 0.6
Observed N0 33 27 16 5
P (N ≥ N0|µSM ) 9.3% 10.0% 0.7% 68.0%
TABLE I: The mean numbers µSM of two-body and inclu-
sive multi-body events predicted by the SM, the number N0
observed, and the observation likelihood P (N ≥ N0|µSM ).
Correlated uncertainties have been taken into account.
Poisson distribution for the number of expected events
from SM sources, with a mean µSM , that yields outcomes
N ≥ N0 [18]. The likelihood P (N ≥ N0|µSM ) is com-
puted from a large ensemble of calculations in which each
quantity used to compute photon-lepton event sources
varies randomly as a Gaussian distribution, and the re-
sulting mean event total is used to randomly generate
a Poisson-distributed outcome N . The fraction of cal-
culations in the ensemble with outcomes N ≥ N0 gives
P (N ≥ N0|µSM ).
The predicted and observed totals for two-body
photon-lepton events are compared in Table I. Half of
the predicted total originates from Z0γ production where
one of the charged leptons has escaped identification; the
other half originates from roughly equal contributions
of Wγ production, misidentified jets, misidentified elec-
trons, and misidentified charged hadrons. The likelihood
of the observed total is 9.3%.
The predicted and observed totals for inclusive multi-
body photon-lepton events are also compared in Table I.
About half of the predicted total originates from Z0γ
production, a quarter from Wγ production, and the re-
maining quarter from particles misidentified as photons
or leptons. The likelihood of the observed inclusive multi-
body total is 10%. The predicted and observed kinematic
distributions for these events are compared in Figure 2.
The difference between the observed and predicted totals
can be entirely attributed to events with 6ET > 25 GeV.
Figure 2 also shows the distribution in HT , the scalar
sum of the ET of all objects in the event plus the mag-
nitude of 6ET , a variable correlated with the production
of massive particles [2].
The predicted and observed totals for multi-body ℓγ 6ET
events are also compared in Table I. For photon-electron
events, requiring 6ET > 25 GeV suppresses the contribu-
tions from Z0γ production and from electrons misiden-
tified as photons, which have no intrinsic 6ET , while pre-
serving the contribution from Wγ production. As a re-
sult, 57% of the predicted eγ 6ET total arises from Wγ
production, 31% from jets misidentified as photons, only
3% from Z0γ production, and the remaining 9% from
other particles misidentified as photons. The observed
eγ 6ET total agrees with the predicted total, with a 25%
probability that the predicted mean of 3.4 events yields 5
observed events. One of these 5 is the eeγγ 6ET event [3].
For photon-muon events, requiring 6ET > 25 GeV does
not completely eliminate the contribution from Z0γ, for
a second muon with |η| > 1.2 and pT > 25 GeV can es-
cape detection and induce the necessary amount of 6ET .
The rate at which this occurs is modeled well by the
Z0γ event simulation, however, since it is largely a func-
tion of the CDF detector geometric acceptance. Of the
4.6 multi-body events predicted to originate from Z0γ
production, 2.2 events are predicted to contain a second
visible muon, 1.0 events are predicted to have less than
25 GeV of 6ET , and only 1.0 events are predicted to pass
the 25 GeV 6ET selection. One event is observed with
a second muon, in agreement with the Z0γ prediction.
The predicted total for multi-body µγ 6ET events consists
of 47% Wγ production, 24% events with jets misidenti-
fied as photons, 23% Z0γ production, and the remaining
7% from particles misidentified as muons.
The µγ 6ET event total is higher than predicted (11 ob-
served vs. 4 expected), with an observation likelihood
of 0.54%; the observation likelihood of the ℓγ 6ET total is
only slightly higher at 0.72% [19]. The predicted and ob-
served distributions of the kinematic properties of multi-
body ℓγ 6ET events are compared in Figure 2. The ob-
served photon ET , lepton ET , 6ET , and HT distributions
are within the range expected from the SM [20].
The predicted and observed totals of multi-lepton
events are compared in Table I. Nearly all of the pre-
dicted total is expected from Z0γ production. Approxi-
mately 6 events are expected; 5 events are observed, in-
cluding the eeγγ 6ET event. No eµγ events were expected,
and none were observed.
The predicted number of multi-photon events is dom-
inated by Zγ production, for which only 0.01 events are
expected. The single event observed is the eeγγ 6ET event,
whose (un)likelihood is described in Ref. [3].
In conclusion, we have made an a priori search for in-
clusive photon+lepton production. We find that subsam-
ples of this data set agree well with their SM prediction,
with the possible exception of γℓ 6ET . However, an excess
of events with 0.7% likelihood (equivalent to 2.7 standard
deviations for a Gaussian distribution) in one subsample
among the five studied is an interesting result, but is not
a compelling observation of new physics. We look for-
ward to more data in the upcoming run of the Fermilab
Tevatron.
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FIG. 2: Left: The lepton ET , photon ET , 6ET , and HT of inclusive multi-body photon-lepton candidates (points) compared
to SM predictions (single-hatched histograms). The cross-hatched histograms show the contribution from SM Wγ and Zγ
production. There is one event in the overflow bin at 114 GeV in a) and one at 193 GeV in b). Right: The same distributions
for the subset of these events that have 6E
T
> 25 GeV.
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